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Abstract
Several unexpected astrophysical observations can be explained by gravitationally captured massive axions or axion-like
particles produced inside the Sun or other stars. Their radiative decay in solar outer space would give rise to a ‘self-irradiation’
of the whole star, providing the missing corona heating source. In analogy with the Sun-irradiated Earth atmosphere, the
temperature and density gradient in the corona−chromosphere transition region is suggestive for an omnipresent irradiation
of the Sun, which is the strongest evidence for the generic axion-like scenario. The radiative decay of a population of such
elusive particles mimics a hot gas. The recently reconstructed quiet solar X-ray spectrum supports this work, since it covers the
expected energy range, and it is consistent with the result of a simulation based on Kaluza–Klein axions above ∼ 1 keV. At
lower energies, using also a ROSAT observation, only ∼ 3% of the solar X-ray intensity is explained. Data from orbiting X-ray
Telescopes provide upper limits for particle decay rates 1 AU from the Sun, and suggest new types of searches on Earth or in
space. In particular, X-ray observatories, with an unrivalled equivalent fiducial volume of ∼ 103 m3 for the 0.1–10 keV range,
can search for the radiative decay of new particles even from existing data.
 2002 Elsevier Science B.V.
1. Introduction
In this work, a rather old question is reconsidered
as to whether a large number of as yet unexplained
astrophysical phenomena occur because of the in-
volvement of novel very weakly interacting particles
or additional as yet unknown properties of existing
particles. Recently, in order to explain the as yet un-
known underlying mechanism(s) of the Gamma Ray
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Bursts, massive axions with properties far beyond the
widely accepted theoretical axion concepts have been
considered, providing a built-in dissipationless energy
transfer mechanism from the hypothetical energy gen-
erating core to the outside layers some 100−1000 km
away [1]. Even though none of such intriguing ideas
has been established so far [2], an additional electro-
magnetic energy source in the cosmos seems to be nec-
essary.
In this work, we argue that the photon emission of
some hypothetical particles, referred to more generally
as ‘axion-like’, could be involved in different unex-
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plained astrophysical observations.1 We focus mainly
on:
(a) the solar corona problem;
(b) first simulation results in the frame of an axion
scenario.
Following the reasoning of this work, we also suggest
performing a specific axion search in a new type
of experiment, either on the surface (and in space)
or underground, aiming directly at detecting the 2γ
decay mode. The alternative case of a single photon
emission seems to be beyond the present sensitivity
of an Earth-bound detector and only orbiting X-ray
telescopes could be considered. In addition, some
astrophysical measurements could be reconsidered or
re-analysed. X-ray space detectors could operate also
as unrivalled orbiting axion telescopes.
2. Observational evidence
2.1. Solar corona
The existence of the solar corona has been known
for more than 100 years. However, solar X-rays have
been measured only over the last 50 years, provid-
ing an unexpected and anomalously high temperature
[5–7]. The corona is the only atmospheric layer of
the Sun that emits almost thermally in X-rays [8].
The average temperature of the quiet-Sun corona is
∼ 2× 106 K. Although its phenomenology is well un-
derstood, the coronal heating remains one of the most
puzzling problems in solar physics [5,7,9–17]. Re-
cently, reconstructed X-ray energy spectra have been
published, providing additional valuable information
about our Sun, such as temperature, solar cycle dy-
namics, etc. [9]. The quiet-Sun X-ray luminosity rep-
1 (a) The absence of a monochromatic axion line from the night
Sky expected from the a→ γ γ decay of relic axions in the visi-
ble [3] almost excluded an axion rest mass in the ∼ 1–10 eV range.
(b) Until recently, a conventionally expected thermal X-ray spec-
trum from solar axions converted inside the solar magnetic fields
with mean energy of ∼ 4.4 keV could not have been disentan-
gled from the derived solar X-ray spectrum (e.g., Ref. [4]). In any
case, such a mechanism could not explain the main observations
addressed in this work, because such converted axions give rise to
photons always emitted away from the Sun.
resents only a fraction of  10−7 of the total solar
luminosity (Lx ≈ 2× 1027 ergs/s at solar maximum
[18–20], which never drops to zero). Therefore, en-
ergy balance problems are irrelevant.2 Thus, the main
puzzles with the solar corona and the very thin [23]
transition region (TR) between the corona and the un-
derlying chromosphere (the least understood region of
the solar atmosphere [24]) are the following:
(a) The hot corona cannot be in equilibrium with
the ∼ 300 times cooler solar surface underneath
(violating thus the second law of thermodynamics
[25]), which emits an almost perfect blackbody
radiation in the visible [26] (Fig. 1(b)).
(b) In order to maintain the quiet Sun high tempera-
ture corona, some nonthermally supplied energy
must be dissipated in the upper atmosphere [27],
which is lost as a large inward heat flux into the
transition region, solar wind energy and transition
region pressure [28,29]; these processes are ther-
modynamically allowed, because of the purported
coronal temperature increase with height.
(c) One must explain the abrupt (in some models
[30] even within ∼ 100 km) temperature increase
(from ∼ 8 × 103 K to ∼ 5 × 105 K) in the
chromosphere/corona transition region (Fig. 1(a)),
against physical expectation [31–34].3
2 In this work we refer to the quiet Sun, where also nano-flares
occur [21] and they could account for a significant fraction of the
coronal heating [22]. The X-ray power of the active Sun is higher
by a factor of ∼ 20, while its temperature of ≈ 8–20 MK [9,20] is
equal to that of the Sun core.
3 Note that most of the solar light comes from the ∼ 100 km vis-
ible photosphere (∼ 5800 K). Above that, there is the chromosphere
which is astonishingly hot (up to 25 000 K), and above that, the
corona (up to a few MK and locally much more [32]). Corona X-
rays have been observed out to ∼ 1 solar radius. The outer corona
expands into the interplanetary space and slowly cools off. At ∼ 1–
100 AU the temperature is still ∼ 105 K [36] (see also R.F. Stein in
Ref. [31]). If the corona is heated by thermal processes, it could not
be hotter than the photosphere. The second law of thermodynamics
precludes thermal transfer from the relatively cool photosphere to
the much hotter corona [25]. Therefore, it must be heated by some
non-thermal process [31,36], e.g., by electromagnetic energy input
[25]. Obviously, only below a certain density can the energy input
(whatever the required nonthermal energy transfer mechanism is in
reality) be sufficient to increase the temperature or trigger an unex-
pected process.
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Fig. 1. (a) The mean temperature (T ) and density (ρ) profiles for the solar atmosphere; (b) solar irradiance spectrum (the dashed line is the
Planck shape for a temperature T = 5770 K); (c) the altitude at which the Earth atmosphere attenuates the incident solar radiation by a factor
1/e; (d) temperature (T ) and density (ρ) as functions of height in the Earth atmosphere. (These figures are taken from Ref. [26].)
This is ‘the solar corona problem’, which is well stated
in a recent review article [22]: “everything above the
photosphere . . . would not be there at all”.
The step-like change of the corona temperature co-
incides in space with a similar (opposite) density gra-
dient (Fig. 1(a)), thus suggesting a common origin.
Qualitatively, this peculiar behaviour of the Sun at-
mosphere is suggestive for some external irradiation
(pressure) acting on the whole Sun, and only such
a configuration can cause the ‘compression’ and the
heating of the intervening solar atmosphere (= corona
region). Depending on the energy, these photons are
absorbed mainly at a certain depth (as seen from out-
side the Sun) due to the exponential increase of the
density with decreasing height of the solar atmosphere
(see Fig. 1(a) and Ref. [31]). One should keep in mind
that the density at the place where both steps occur is
∼ 10−(12±1) g/cm3, i.e., an excellent vacuum, which
actually does not facilitate a conventional explanation
of this observation.
The column density in the solar atmosphere at
an altitude of ∼ 2000 km down to ∼ 1000 km is
∼ 10 µg/cm2 to ∼ 1 mg/cm2, respectively [37].4 We
4 Observations suggest that there is considerable roughness and
variability of the transition region [22,38], which might consist of
many sharp temperature jumps in the different places, but not always
at the same height [39] (see also Ref. [30]). Therefore, we use first
these two penetration depths in our order of magnitude numerical
calculation of the photoelectric absorption of the soft X-rays, in
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take the most abundant 11 solar elements in neutral
form (H, He, C, N, O, Ne, Mg, Si, Ar, Ca, and Fe),
in order to make a rough estimate of the energy of in-
cident photons which can be absorbed at such depths
of the solar atmosphere. Photons with an energy be-
low ∼ 50 to 350 eV, hitting the solar surface perpen-
dicularly (i.e., at the minimum absorption thickness)
can be absorbed at the considered depths [40]. The
higher energetic X-rays penetrate deeper into the un-
derlying chromosphere, where the onset of the anom-
alous temperature rise above the photosphere occurs.
Remarkably, the observationally reconstructed solar
X-rays [9] above ∼ 1 keV have a mean free path into
the Sun atmosphere of ∼ 10 mg/cm2 (Eγ ≈ 1 keV)
and ∼ 1 g/cm2 (Eγ ≈ 6 to 8 keV), corresponding to
heights of ∼ 700 km and ∼ 200 km, respectively. In-
terestingly, at a height of ∼ 500 km there is a temper-
ature minimum of ∼ 4000 K [24], while X-rays be-
low a few keV barely reach this place; a wide energy
distribution of incident X-rays above ∼ 1 to 2 keV
[9] could be related to the relatively slow increase of
the chromosphere’s temperature with height. Note that
the coronal heating problem cannot be solved without
including energization processes in the chromosphere
and the transition region [41].
All these findings and problems associated with
the solar atmosphere can be reconciled by assuming
axion(-like) particles which stream out of the interior
of the Sun and undergo photon decay, giving rise to
the occurrence of otherwise unexpected nonthermal
phenomena. The photons from the a→ γ γ decay are
emitted isotropically, i.e., also towards the Sun, re-
sulting to an external illumination of the whole so-
lar atmosphere.5 In the dense interior of the Sun the
axions can only have a negligible impact due to en-
ergy considerations, thus avoiding any conflict with
the generally accepted solar model(s). However, above
some altitude, i.e., below a certain density, the ther-
modynamical equilibrium starts getting disturbed be-
cause of an additional external energy input, coming—
ironically—from the Sun itself. Without taking into
account this energy source, the temperature appears
order to derive approximately the X-ray energy from the assumed
axion decays around the Sun.
5 The bombardement of the Sun by cosmic material has been
proposed some 50 years ago, in order to explain the Sun’s dynamical
behaviour, but this scenario was later ruled out [42].
to increase to thermodynamically not allowed values
across the chromosphere and, in particular, across the
narrow transition region.
The striking similarity of the temperature and
density dependence on the altitude between the so-
lar irradiation of the Earth atmosphere and Sun at-
mosphere [26], in particular, around the transition re-
gion, strongly supports the conclusion of an external
illumination of the Sun in the UV−X-ray region (com-
pare Fig. 1(a) with Fig. 1(d)). The observation made
in the atmosphere of Venus [43] seems to be relevant
too: due to the solar irradiation, its nightside density
(ρ ≈ 10−15 g/cm3 at a height of 170–190 km) and
temperature increase during local day time by a fac-
tor of 10 and 30%, respectively. The photoionization
rate peaks at an altitude of ∼ 140 km [44]. The plan-
etary absorption depth of the solar radiation reflects
the energy of this radiation [26] (see Fig. 1(c)). Sim-
ilarly, we conclude that for the case of the solar at-
mosphere the photons emitted towards the Sun from
the decay of nearby exotic particles (a→ γ γ ) must
have an energy mainly around ∼ 200 eV and also of
a few keV. This fits the appearance of the abrupt TR
and the rather slowly increasing chromosphere tem-
perature with height [45,46]. Moreover, Monte Carlo
simulations of X-rays irradiated stellar atmospheres
[47] and accretion disks [48] predict a similar step-
wise temperature gradient as those shown in Fig. 1 for
the Earth and Sun atmospheres.
In addition, the following observation is compatible
with the scenario of an external whole Sun X-ray irra-
diation. In coronal holes, where the electron density is
by a factor of 2 to 3 lower than normal quiet-Sun re-
gions [46,49,50], it was found that the thickness of the
transition region is also larger than in near quiet-Sun
regions [51] (see also Ref. [52] p. 154).
3. Gravitationally trapped axions as a source of
solar X-rays
If the solar X-rays observed near the Earth originate
from two-photon decay of axions produced in the
Sun core, then the space around the Sun becomes a
source of X-rays. In this case one expects a correlation
between the solar X-ray flux, the axion density and the
axion mean lifetime.
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In this scenario the mean axion decay length must
be much shorter than the Sun–Earth distance, because
we know that most of the solar X-rays originate from a
region near the solar surface. So, a mean axion lifetime
τa of the order of one minute, or shorter, is needed. The
a→ γ γ decay rate is [54]
(1)τ−1a =
g2aγ γm
3
a
64π
,
where gaγ γ is the a–γ–γ coupling constant and ma is
the axion mass. For masses around 1 keV and a mean
lifetime of 1 minute gaγ γ is ∼ 1.5 × 10−3 GeV−1.
With such a value the mean free path for a → γ
conversions by inverse Primakoff effect inside the Sun
(aZ→ γZ, see Ref. [55]) is much shorter than the
Sun radius and no axions can emerge from the Sun
[56].
This inconsistency can be avoided by assuming
that the main source of solar X-rays consists of accu-
mulated long-lived axions, which are gravitationally
trapped in closed orbits around the Sun. In this sce-
nario gaγ γ can be small and, therefore, the axion in-
teraction mean free path in the Sun becomes extremely
long. Axions with lifetimes as long as the present age
of the solar system (Ts ≈ 4.6 Gy) are acceptable be-
cause sooner or later they all decay in the vicinity of
the Sun by definition.
In order to investigate this scenario we have used
a simulation program based on the Kaluza–Klein
axion model described in Ref. [57]. Axions with a
continuous mass distribution between 0.01 and 20 keV
are isotropically generated at different radii inside
the Sun by the mechanisms of photon coalescence
(γ γ → a) or Primakoff effect (γZ → aZ) and are
traced through the Sun by numerical integration of
the equations of motion. The radial dependence of the
solar temperature and density are taken from Ref. [58].
At the Sun surface only axions with velocities v below
the escape velocity (vesc = 6.175 × 105 m/s) are
considered further. Axions with v > vesc are discarded
because they leave the solar system before decaying.
In this scenario we assume that the electric charges
are isolated and the initial state photons are massless.
Both assumptions are not correct because the effective
photon mass in the Sun core is given by the plasma
energy [55], which is typically of the order of 300 eV.
A nonzero photon mass is likely to affect the results
of our simulation especially for gravitationally trapped
axions which are produced with low velocities by
definition. A more correct model should take this
effect into account. Our intention here is to limit our
study to a qualitative assessment of this scenario.
The radial density of the axions gravitationally
trapped around the Sun (see Fig. 2) is reconstructed
from the distribution of the parameters describing
the elliptical orbits outside the Sun. The fraction
of trapped axions is ftrap = 8.9 × 10−8 for axions
produced by photon coalescence and ftrap = 4.8 ×
10−11 for axions produced by Primakoff effect. The
corresponding mass distributions are shown in Fig. 3.
In this scenario the total number of trapped axions
is an increasing function of time
(2)Na(t)=Raτa
(
1− e−t/τa),
where Ra is the trapped axion production rate under
the simplifying assumption of a steady Sun. Obvi-
ously, both Ra and τa depend on the axion mass ma .
The present axion decay rate is then
(3)Da(Ts)=Ra
(
1− e−Ts/τa ).
From Eq. (2) it is possible to predict the present solar
X-ray spectrum on Earth if τa is known. For very
short lifetimes (τa 	 Ts for all axion masses) the
Fig. 2. Density (number per unit volume) of gravitationally trapped
axions in the region around the Sun, as a function of the distance
from the Sun centre.
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Fig. 3. Mass distribution of gravitationally trapped axions produced
by photon coalescence (full line) and by Primakoff effect (dotted
line). The two curves are normalized to the same area.
exponential in Eq. (3) can be neglected and one has:
(4)Da(Ts)=Ra.
The other extreme possibility is τa 
 Ts for all axion
masses, corresponding to an axion decay rate which
increases linearly with time:
(5)Da(Ts)= RaTs
τa
.
Fig. 4 shows the calculated solar X-ray spectra for
t = Ts under different assumptions for τa . None of
these spectra describes correctly the observed solar
X-ray spectrum which peaks well below 1 keV, while
in our scenario the spectrum with the lowest average
energy peaks near 1 keV (corresponding to axions with
τa 	 Ts produced by Primakoff effect).
Within the framework of this model we cannot
predict the solar X-ray luminosity, because it depends
on the unknown coupling constant gaγ γ . So, we
normalize our simulation to the data and we require
that the predicted solar X-ray luminosity from this
work be equal to the experimentally reconstructed one,
i.e., L2−8 keVx ≈ 1023 erg/s (this value corresponds
to the solar X-ray spectrum reconstructed for the
ASCA/SIS detector at Sun minimum and integrated
over the energy interval from 2 to 8 keV [9] (see also
Fig. 4. X-ray energy spectrum from the decay of gravitationally
trapped axions produced by (a) photon coalescence and (b) Pri-
makoff effect. All curves are normalized to the same production rate
of gravitationally trapped axions. The full lines correspond to very
short axions lifetimes (τa = 10−4 Ts for ma = 1 keV). The dot-
ted lines correspond to very long axion lifetimes (τa = 103 Ts for
ma = 1 keV).
below)). The total X-ray luminosity is given by
(6)Lx =DaΦx ≈ 1023 erg/s,
where Φx is the average energy flux from the decay of
a single trapped axion through a spherical surface of
1 AU radius centred at the Sun. Numerical values of
Φx are given in Table 1, together with the values of Da
obtained from Eq. (5). The total solar axion luminosity
La (namely, the rate of solar energy produced in the
form of axions) is then given by
(7)La = Ra
ftrap
Ea,
where Ea is the average axion energy. From the nu-
merical values given in Table 1 and under the assump-
tion Ra = Da we find that La is ∼ 5 × 10−4 of the
standard solar luminosity (L = 3.85 × 1033 erg/s)
for axions produced by photon coalescence but is as
much as 60% of it for axions produced by Primakoff
effect. Thus in our simple model the production of
gravitationally trapped axions is dominated by the
mechanism of photon coalescence.
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Table 1
List of parameter values
Photon coalescence Primakoff effect
ftrap 9×10−8 5×10−11
Φx (erg/decay) 8×10−9 5×10−9
Da (decays/s) 1.5×1031 1.8×1031
Ea (erg) 1.1×10−8 6.2×10−9
La (erg/s) 1.7×1030 2.4×1033
4. Discussion
In the following we compare the predictions of the
axion scenario simulation with solar X-ray data, sug-
gesting also how X-ray observatories can be utilized
in this field. We refer to the quiet Sun, i.e., nonflaring
Sun, during the solar minimum (this does not imply
that the ‘active’ Sun is not of potential interest). Thus:
(1) The simulated gravitational capture rates (see
Table 1) for the two axion production mecha-
nisms are rather reasonable, in particular, for the
γ γ -coalescence mode. The integrated axion lumi-
nosities (La) are not inconsistent with the solar lu-
minosity (L).
(2) The shape of the reconstructed solar X-ray spec-
trum [9] is consistent with the predicted one from
axion decays for energies above∼ 1 keV (Fig. 4).
The bulk of the observed X-rays is, however, in
the sub-keV range. The solar luminosity in the
2 to 8 keV band is a factor of ∼ 102 lower than
that between 0.5 and 2 keV [9], i.e., L0.5−2 keVx ≈
1025 erg/s and L2−8 keVx ≈ 1023 erg/s.
(3) In the reconstructed solar spectrum [9], the soft
X-ray energy “excess” below 1 to 2 keV might
be due to a possible electron Bremsstrahlung
process, which can produce axions via the axion-
to-electron coupling [55]. Taking into account the
results of our simulation with the Primakoff effect,
it is not unreasonable to assume that KK-axions
from this reaction might have a restmass distribu-
tion around the energy of the corresponding PQ-
axions of∼ 0.8 keV, i.e., Eγ =mKK/2≈ 0.4 keV.
Their capture rate should also be comparable with
the Primakoff reaction (see Table 1).
(4) Recently, in the vicinity of the Earth, the XRB ra-
diation in the 2 to 8 keV region has been mea-
sured by the CHANDRA X-ray observatory [59].
Its flux is6
(8)L2−8 keVx ≈ 10−11 erg/s cm2 deg2.
Let us assume that this flux comes entirely from
the decay of trapped axions at 1 AU from the Sun.
Then, from this flux, part, or even the bulk, of the
reconstructed solar X-ray luminosity at 2 to 8 keV
should be reproduced, provided the X-rays from
the Sun are axion-related, and their space distri-
bution is given by Fig. 2. Then, the isotropic ax-
ion decay inside a cone with one square degree
opening and∼ 50 R height should reproduce the
luminosity given by Eq. (8); the X-ray contribu-
tion from further away becomes more and more
negligible, because of the decreasing axion den-
sity. With simple calculations we arrive at an up-
per limit of the “specific X-ray luminosity” (S) in
the 2 to 8 keV range of
(9)S ≈ 5× 10−20 erg/s cm3.
This rate at 1 AU from the Sun, multiplied by
a factor of ∼ 109 (following Fig. 2), gives the
corresponding value near to the solar surface. The
estimated effective volume around the Sun, where
most of the trapped particles are expected to be
(see Fig. 2), is ∼ 3 × 1033 cm3. The integrated
X-ray luminosity (L2−8 keVx ) from the Sun should
be (within factor of 2 or so)
L2−8 keVx ≈ 3× 1033 cm3
× 5× 10−20 erg/s cm3 × 109
(10)≈ 1.5× 1023 erg/s.
6 The corresponding intensity of the XRB measured with
ROSAT [53] is L0.1−2 keVx ≈ 0.4× 10−11 erg/s cm2 deg2 .
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This order-of-magnitude estimate is somehow sur-
prisingly. Because, under the assumption that the
bulk of the measured diffuse 2 to 8 keV X-rays are
related to trapped solar axion decays in the vicin-
ity of the Earth according to our simulation, we
have reproduced with Eq. (10) the experimentally
reconstructed solar X-ray luminosity in that en-
ergy range [9]. Such a “coincidence” over as much
as 9 orders of magnitude can still be acciden-
tal; by comparison, the R−2 law gives instead a
change by a factor of ∼ 105. A new related exper-
imental result can change the significance of this
finding accordingly. Interestingly, the same XRB
measurements have also provided a clear and so
far inconsistent [59,60] field-to-field difference of
∼ 40% when pointing to the North or South celes-
tial pole.
(5) The generic simulation of KK-axions predicts a
very specific density distribution in space (Fig. 2),
which can be used for test purposes. Orbiting
X-ray observatories with collecting areas up to
∼ 2000 cm2, are best suited to perform such
measurements. Furthermore, an X-ray observation
with the dark Moon in the telescope field-of-view
should be repeated [53]. In fact, present orbiting
X-ray telescopes with very large orbits exclude
possible secondary effects (e.g., scattering from
the Earth atmosphere), which was definitely not
the case for the ROSAT dark Moon observation.
The equivalent fiducial volume for such obser-
vations can be up to ∼ 1000 m3 (see below).
This is far beyond any feasible terrestrial 4π
X-ray detector with sub-keV threshold. Thus,
without any modification, they can operate—even
parasitically—as enormously sensitive detectors
of radiatively decaying particles in outer space,
and probably also far beyond (using for shadow-
ing other places than the Moon). Moreover, an ap-
propriate re-evaluation of existing runs might al-
low to extract relevant physics results. We suggest
that such reanalysis be carried out.
(6) It is worth remembering that the solar corona
problem refers mainly to solar atmospheric tem-
peratures up to T ∼ 106 K, or thermal energies
of, say, 3kT ≈ 0.3 keV. It is much more difficult
to reconcile the emission of X-rays from the quiet
Sun with energies of ∼ 2 to 8 keV [9] with con-
ventional (solar) physics.
Since the reconstructed solar X-ray spectrum [9],
in particular, below ∼ 1 keV, cannot be reproduced
completely, we mention some other possible effects,
which can be involved:
(a) Reprocessing of the absorbed higher energetic
X-rays can explain, for example, only∼ 1% of the
“excess” intensity at∼ 0.5 keV (noteL0.5−2 keVx ≈
100×L2−8 keVx ).
(b) The inner solar plasma energy is distributed around
h¯ωpl ≈ 300 eV, and therefore plasma effects could
have an impact on the reactions occurring inside
the Sun, in particular, with photon energies near
h¯ωpl.
(c) Only in the vicinity of the Sun (or other similar
places in the Sky) the mean spacing between the
trapped exotic particles can become comparable
with their de Broglie wavelength (λ) after some
accumulation time. Then, due to the boson char-
acter of these hypothetical particles, if the bulk of
them is identical (the KK-states are actually not),
a phase transition to a Bose–Einstein Condensate
(BEC) could take place. With a BEC we know that
a wide range of very unusual phenomena occur
[61–64], which take place also in astrophysics and
some of them even on our Sun.
(d) Cosmic axion stars with strong interaction effects
with magnetized media, etc., have been consid-
ered [65,66]. This shows that high density ax-
ion clumps can interact efficiently with magnetic
fields, which reach ∼ kGauss values only near to
the solar surface.
The last two cases (c) and (d) are of potential rele-
vance for the soft X-rays from the quiet Sun. In fact,
if we apply the same reasoning as for the CHAN-
DRA X-ray data also to the X-rays measured by the
ROSAT PSPC detector [53], the reconstructed X-ray
intensity near the solar surface is ∼ 10−3 of the recon-
structed X-ray spectrum of the quiet Sun in the 0.1
to 3 keV band (L0.1−3 keVx ≈ 1027 erg/s [9]). How-
ever, if we use the dark Moon data, then the recon-
structed part becomes ∼ 3 × 10−2, since the consid-
ered cone height is ≈ 0.5× R instead of 50× R,
and, the flux is smaller by factor ∼ 3.3 [53]. How-
ever, if there is an “excess” in the reconstructed so-
lar X-ray spectrum at low energies, this could be due
to local effects taking place only in the near the Sun
L. DiLella, K. Zioutas / Physics Letters B 531 (2002) 175–186 183
space, e.g., cases (c) and/or (d) could be at work. Since
the relevant number of overlapping particles is that
within a volume of λ3, which increases with decreas-
ing mass, it is reasonable to expect that density re-
lated effects might well appear pronounced at lower
axion momentum and only near to the surface of the
Sun.
Of course, we consider our model as a sugges-
tion for a possible underlying mechanism in the so-
lar atmosphere based on solar axion production rather
than a quantitative description of it. We reiterate that
a detailed analysis of these and/or other processes is
necessary, in order to provide a complete theoretical
treatment, which is beyond the scope of this Letter.
Therefore, this work might be an opportunity for the-
ory.
5. Direct axion-decay detection
In the following, we address a few configurations
in orbit and on Earth, which seem to be the most
appropriate ones to directly search for axion-like
particles.
(a) An orbiting X-ray telescope with the Sun be-
ing outside its FOV7 could operate as a so-
lar axion antenna. Moreover, pointing an orbit-
ing detector towards the dark Earth while it is
in Earth’s ‘night’ during each orbit around the
Earth seems to be a very similar and attractive
configuration repeating several times per day. A
wide detector FOV implies a better signal-to-
noise ratio, or at least a higher sensitivity to
detect the radiative decay of any (solar) exot-
ica.
We compare a wide-aperture X-ray detector or-
biting at an altitude of 500 km and pointing to-
wards the dark Earth with the dark Moon mea-
surement by ROSAT [53] covering a ∼ 0.5◦ nar-
row cone. The efficiency to detect the decay
photons is by a factor8 ∼ 900 m3/74 m3 = 12
7 X-ray telescopes avoid having the Sun in their FOV, because of
the intense X-ray emission.
8 We consider a detector surface [67] A = 200 cm2 with an
opening angle of ∼ 50◦ orbiting at ∼ 500 km. Assuming isotropic
axion decay, the effective fiducial volume covered by the detector
in favour of the assumed dark Earth configura-
tion.
Thus, the observed dark lunar emission rate of
∼ 0.15/s (Eγ  2 keV) by ROSAT [53] translates
into a rate R for the dark Earth configuration
of
(11)R ≈ 0.15× 12≈ 1.8 s−1,
assuming a 200 cm2 orbiting X-ray detector at
500 km with ∼ 50◦ opening angle, which im-
plies a ∼ 900 m3 effective fiducial volume within
its FOV. From the dark Moon observation [53],
the obtained model-independent maximum ax-
ion decay rate (below ∼ 2 keV and for non-
relativistic velocities) X(r) at 1 AU from the Sun
is
X(|r| = 1 AU)
≈ 0.15/s 74 m3
(12)≈ 2.3× 10−9 axion decays/s cm3.
We note that even if the solar axion scenario
is not behind this particular dark Moon X-ray
observation, the rate given by Eq. (12) remains
valid as an upper limit for future searches for ra-
diative decays of exotic particles in this energy
range and in the vicinity of the Earth. Further-
more, following Eq. (9), the corresponding up-
per limit in the ∼ 2 to ∼ 8 keV range becomes
smaller than that given by Eq. (12) by a factor of
∼ 100.
(b) An X-ray detector with ∼ 4π acceptance oper-
ating on Earth (or, better, underground) seems
to be the most adequate direct experimental ap-
proach, since it allows reconstruction of axion
FOV is equal to
∫ 2
4πr2
Acos θ dx dy dz
= A
2π
2π∫
0
dφ
500 km∫
0
r2
1
r2
dr
cos 0◦∫
cos 25◦
cos θd(cos θ),
which is ∼ 900 m3 for a dark Earth configuration and ∼ 74 m3 for
the dark Moon measurement by ROSAT [53]. θ is the angle from the
normal incidence on the detector surface and the factor of 2 comes
from the two photons per axion decay.
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decays inside its fiducial volume by observing
γ γ -coincidences. Such a detector is actually blind
to any direct solar X-rays. Again, assuming the ax-
ion scenario to explain the measured low-energy
spectrum from the direction of the dark Moon
[53], and taking into account the rate derived
above (see Eq. (12)), the expected coincidence
rate Rγγ should be measurable for a rather modest
(20× 20× 20 cm3) fiducial volume:
Rγγ ≈ 1.6 coincidences/d (20 cm)3
(13)≈ 200 coincidences/d m3.
We are not aware of any experimental search of
this type in the past. Because of the widely ac-
cepted extremely long lifetime of the ‘standard’
axions, such a measurement was meaningless un-
til recently [57,68].
In order to perform such a measurement, the main
detector requirements are (a) energy threshold as
low as possible, e.g., ∼ 100 eV; and (b) an ad-
equate space and energy resolution, in order to
distinguish the 2γ events from background, al-
lowing also to implement constraints from the
a → γ γ decay kinematics. Therefore, a low-
density, low-Z X-ray detector should be used.
A Time Projection Chamber (TPC) working at
low pressure and/or with low-Z gas, e.g., He, ap-
pears to be a promising detector for this pur-
pose.
6. Conclusion
We reach the conclusion that some new particles—
we use massive axions as a generic example—must
be involved in processes occurring inside and out-
side Stars. For example, relatively short-lived massive
axions have been considered in theories with extra
dimensions [57,68]; the two-photon decay mode re-
mains dominant providing theoretical support to our
purely observationally motivated claim of solar axion-
like signatures in the ∼ keV range. In our favoured
scenario, axion-like particles escape from their place
of birth, e.g., from the interior of the Sun (or that
of other Stars in the Sky), get gravitationally trapped
and decay in outer space. Fortunately, the two-photon
decay mode allows to have a very high detection
sensitivity inside a large TPC, because of the much
suppressed uncorrelated two-prong background events
within a small distance, narrow time and same en-
ergy.
Following the suggested axion-like scenario, we
should also notice that the previous failed searches
[69,70] for axions converted to X-rays inside the
external solar/stellar magnetic fields do not contra-
dict this work. At first, this missing signal can be
due to an accordingly small coupling strength and/or
the required very small axion restmass. The Pri-
makoff effect should result to radially outwards emit-
ted X-rays, excluding a self-irradiation of the Sun,
which we consider as the cornerstone of the rea-
soning of this work. The tentative solar Kaluza–
Klein model provides reasonable gravitational cap-
ture rates, but it fails to completely explain the low
energy part of the experimentally reconstructed so-
lar X-ray spectrum. However, other possible sources
like the solar Bremsstrahlung-axions seem to have
reasonably low energy, but with a smaller gravita-
tional capture rate. For astrophysical standards, the en-
countered discrepancies are actually not particularly
large.
Finally, the estimated axion density due to grav-
itational trapping by the Sun can exceed a critical
value, which is necessary for the appearance of a
BEC, with unforeseen implications. The continuous
dynamic coronal phenomen might be a manifestation
of such processes. Thus, the predicted particles orbit-
ing around the Sun can become an invaluable clue to
physics beyond the standard (solar) model, explaining
first of all the as yet mysterious properties of the chro-
mosphere and the corona.
In conclusion, the strongest and rather direct ev-
idence in favour of the axion scenario comes from
the sofar unexplained solar corona related observa-
tions like its heating mechanism, its narrow interface
to the chromosphere together with the striking sim-
ilarities of the temperature/density profiles with the
Sun-irradiated Earth atmosphere. The recently experi-
mentally reconstructed solar X-ray spectra combined
with X-ray measurements from orbiting observato-
ries are the first potential direct signatures for this
work. They show how these orbiting instruments can
directly search for decaying particles in (near) outer
space.
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